Plastic formability in the secondary processing of an AZ31 magnesium alloy was investigated using fine-grained and relatively coarsegrained materials, respectively. To produce components for mobile electric appliances, boss formability was examined at a relatively low temperature of 523 K. The boss with a height of 14 mm was successfully formed in fine-grained material under a nominal forming pressure of 582 MPa in 5 s. Analysis of the boss forming revealed that the forming occurred under the high-strain-rate superplastic condition. The grain size in the boss region was slightly coarsened, probably as a result of strain-induced grain growth, which is a widespread property of superplastic flow. On the other hand, even in the coarse-grained material, a relatively high boss height of 5 mm was obtained under the same forming condition. After the boss forming, grain refinement was observed in the coarse-grained material. It was suggested that the coarse-grained materials exhibited relatively high formability because of dynamic recrystallization. It was concluded that plastic forming concomitant with grain growth was more effective than that concomitant with grain refinement in AZ31 magnesium alloy. An empirical equation to perform plastic forming under the condition concomitant with grain growth was developed.
Introduction
The use of magnesium alloys in many components of mobile electric appliances such as cellular phones, notebook computers, and mini-disk players is increasing in the light of its low density, heat dissipation, electromagnetic shielding, and metallic external quality. [1] [2] [3] However, it is well known that most magnesium alloys exhibit low formability near room temperature because of their h.c.p. structure. At elevated temperatures, the plastic formability of magnesium alloys is improved because prismatic slip is activated in addition to basal slip. 4) It has been pointed out that the elevated temperature ductility increases with decreasing grain size in magnesium alloy. 5) More specifically, superplasticity is observed even at relatively high strain rates above 10 À2 s À1 , at which the grain size reduces to approximately 2 $ 3 mm. [6] [7] [8] Material with a fine grain can be produced through the process with severe plastic deformation. Equal-ChannelAngular Extrusion (ECAE) is an efficient method by which to apply severe strain repeatedly to a material. It has been demonstrated that the ECAE process can produce materials with a sub-micro crystalline structure, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] including magnesium alloys. [18] [19] [20] [21] [22] [23] Very recently, Cisar et al. 25) performed hot forging using ECAE-processed AZ31 alloy at 573 K. They succeeded in fabricating an automobile knuckle arm. However, the forming characteristics have not been analyzed. In the present study, the boss forming characteristics of AZ31 magnesium alloy were investigated in order to determine the potential of this process for commercial applications. ECAEprocessed fine-grained material and commercially available extruded bar with relatively coarse grains were used. More specifically, plastic formability was compared under conditions favorable to grain growth and grain refinement, respectively.
Experimental Procedure
The material used in the present study was a Mg-Al-Zn alloy, AZ31. The alloy was received as a commercially extruded bar. Specimens for ECAE were machined from the commercially extruded bar into cylindrical specimens having a diameter of 20 mm and a length of 90 mm. ECAE was carried out 8 times at a temperature of 473 K. The specimens were rotated 90 after each pass. 15, 26, 27) Microstructures were observed by an optical microscope. The grain size, d, was determined by d ¼ 1:74L, where L is the linear intercept size. The optical microstructures of (a) asreceived material and (b) ECAE-processed material are shown in Fig. 1 . The extrusion direction is horizontal. The asreceived material had relatively coarse grains of d ¼ 30 mm. The ECAE-processed material had equiaxed fine grains, indicating that recrystallization took place during ECAE. The grain size after ECAE was 2.0 mm. Boss forming tests were performed at a relatively low temperature of 523 K using relatively coarse-grained asreceived material and fine-grained ECAE-processed material, respectively. The testing temperature was chosen in order to (i) use hydrocarbon oil as a lubricant, (ii) use fluorine rubber as parts of conveyance equipment, and (iii) prolong the life of metal dies. The tool for plane strain forward extrusion of boss was designed based on the requirements for the production of components for mobile electric appliances. The die configuration for the boss forming is schematically illustrated in Fig. 2 . The specimens for boss forming had a diameter of 18 mm and a thickness of 1.4 mm. The direction of boss to be formed was parallel to the extrusion direction for both materials. The lower die had a hole with a diameter of 3 mm and a depth of 12 mm through the vent. Pressing was performed at a constant pressing force using a hydraulic press machine with maximum pressing force of 196 kN. The upper and lower dies were heated by built-in heaters, and the specimen to be formed was heated for 60 s by the lower die. The forming temperature was measured by thermo-couples set up at near the specimen in a side die. The change in thickness of the specimen during forming was estimated from the position of the slider, which was measured by a laser ray distance sensor at every 0.1 s. The forming tests were performed with three degrees of pressing force (F ¼ 98, 118, and 148 kN), and forming was stopped after 20 s. The nominal forming pressure, P, was 385, 464, and 582 MPa, respectively. The nominal forming pressure was calculated, dividing the pressing force by the area of the specimen base. The target boss height, h, was h ! 5 mm within 10 s. The specimen was lubricated with MoS 2 powder. The forming strain rate, _ " " F , was estimated using the following equation developed for direct extrusion:
where v is the decreasing speed of specimen thickness, d 0 is the diameter of the specimen, d 1 is the diameter of a boss, and is the semi-angle of the dead metal zone. The calculated strain rate may be regarded as 'mean' strain rate. The -value was taken to be 45 based on the microstructural observations. The distribution of strain rate around the boss region was neglected in the present study. A computer-aided simulation of plastic forming using FVM (Finite Volume Method) is currently underway to estimate the distribution of strain rate.
Grain size stability at elevated temperatures in AZ31 magnesium alloy was also examined using a commercial rolled sheet, as will be shown in Fig. 8 (b), because very limited data on static grain growth are available. The initial grain size of the rolled sheet was 12 mm. Annealing was carried out at temperatures ranging from 573 to 723 K for times up to 240 min.
Results

Formability of a boss
Appearances of the boss-formed parts with a constant pressure of 385, 464, and 582 MPa, respectively are shown in Fig. 3 . The boss height of ECAE-processed material was higher than that of commercial AZ31 bar under the same forming pressure. Macroscopic defects such as cracks or incompletely formed regions could not be observed on the surface. The variation in the height of boss estimated from the plate thickness as a function of forming time is shown in Fig. 4 . The actual height of the boss is also plotted with symbols. The actual boss height agreed well with the estimation based on the decrease in plate thickness. This indicates that no macroscopic defects exist inside the boss. When the specimens were deformed under the lowest nominal forming pressure of 385 MPa, the height of the boss increased linearly with forming time, though the height of the boss was less than 5 mm even after 20 s for both materials. This is probably because force sufficient to drive the deformation was not applied under this condition.
The height of the formed boss increased with increasing pressing force. By utilizing the ECAE-processed material, a boss height of 10 mm was successfully formed within 3 s under the nominal forming pressure of 582 MPa. The forming rate of the boss was initially very high (up to h < 13 mm), but decreased gradually, probably due to the narrow area for material flow. The as-received material also exhibited relatively high formability at P ¼ 582 MPa. A boss height of 10 mm was attained in 10 s.
The forming strain rate was calculated from the initial slope of the curve (h < 13 mm) in Fig. 4 using eq. (1). When the nominal forming pressure was 385 MPa, the boss forms only slightly. The low formability probably results from the friction between the specimen and the dies. The variation in nominal forming pressure as a function of strain rate is shown in Fig. 5 . Apparently, the forming strain rate of the specimen using ECAE-processed material was approximately 3.5 times faster than that of the specimen using the commercial bar. The higher forming strain rate at a fixed forming pressure in ECAE-processed material may be attributed to the finer initial grain size.
Microstructural change during boss forming
Optical microstructures after boss forming are shown in Fig. 6 . The forming was performed at P ¼ 464 MPa (F ¼ 118 kN) . The microstructure from the boss region in ECAE-processed material revealed that grains are not elongated along the flow direction. The grains were slightly coarsened to 4.6 mm after forming.
In the commercial material, the boss region had both coarse and fine grains with sizes of 5.4 and 12 mm, respectively. The grain size in the boss region was smaller than that in the as-received material, indicating that dynamic recrystallization took place during boss forming.
Discussion
Deformation mechanism during forming
In general, the constitutive equation to describe high temperature deformation is expressed as:
where _ " " is the strain rate, A is a constant, is the flow stress, G is the shear modulus, k is the Boltzmann's constant, n is the stress exponent, d is the grain size, b is the Burgers vector, p is the grain size exponent, T is the absolute temperature, D 0 is the pre-exponential factor for diffusion, R is the gas constant, and Q is the activation energy, which is dependent on the rate controlling process. To date, strain rate dependence on flow stress and grain size has been investigated in wrought AZ31 alloy over a wide range of temperatures. 6, 20, [30] [31] [32] [33] [34] [35] Three modes of deformation for the possible mechanisms have been reported in the strain rate range for plastic forming: (i) slip accommodated grain boundary sliding process (n ¼ 2), which is accepted as the dominant deformation mechanism for superplastic flow, (ii) glide controlled dislocation creep (n ¼ 3), and (iii) climb controlled dislocation creep (n ¼ 5 or 7). The sets of parameters in eq. (2) to express the corresponding deformation processes in AZ31 are listed in Table 1 . 20, 30, 32, 33, 35) The diffusion coefficient and shear modulus of AZ31 were taken to be those of pure magnesium as listed in Table 2. 36) The predicted relationship between flow stress and strain rate in AZ31 at a temperature of 523 K is shown in Fig. 7 . Since the superplastic flow is dependent on the grain size, the relations for d ¼ 2 and 30 mm were considered for n ¼ 2 behavior. All three deformation processes are considered to be independent, the fastest one to be rate-controlling. Therefore, the predicted deformation behavior at a given strain rate is illustrated by a hatching curve, respectively. Although we considered the condition for n ¼ 3 deformation, this model was not relevant to the present study. The development of stress -strain rate relations enables to estimate the flow stress and, consequently, the deformation mechanism during boss forming. The predicted stress -strain rate relations during forming are given by shaded areas in Fig. 7 . The forming strain rate ranges for ECAE-processed material and commercial bar were 5:0 Â 10 À3 $1:3 Â 10 À1 s À1 and 1:7 Â 10 À3 $3:5 Â 10 À2 s À1 , respectively. The boss forming condition using ECAE-processed material is placed at the high end of the superplastic region, and boss forming using relatively coarse-grained material occurs under the conditions of the non-superplastic region (n ¼ 7). Deformation mechanism during forming is different between two materials. It is suggested that the deformation proceeds by highstrain-rate superplastic flow when ECAE-processed material is formed at P ¼ 464 and 582 MPa.
Processing map
In general, the process of dynamic recrystallization during hot working enables larger strains to be achieved during bulk working. In this case, materials develop a fine-grain equiaxed microstructure during the initial stages of deformation. High ductility can be obtained by dynamic recrystallization in magnesium alloys. [37] [38] [39] [40] [41] On the other hand, high ductility associated with superplasticity occurs when the grain size is small (typically, less than $10 mm). Grain growth during superplastic flow has been reported for a number of materials with the extent of grain growth being greater in the superplastically deformed part of the samples than in the undeformed areas, and this strain-enhanced grain growth is a widespread property of superplastic deformation. [42] [43] [44] [45] [46] However, at present, there are no detailed analyses of strainenhanced grain growth and no systematic comparison with static grain growth in magnesium alloys.
It was found in the present study that the plastic forming under the grain growth can produce the boss at a faster rate compared with that under grain refinement at a given pressing force. Therefore, industrially, it is beneficial to develop a processing map to predict the domains of grain growth and grain refinement with a view toward optimizing hot workability.
In order to clarify the change in grain size with strain in AZ31 alloy, the change in grain size with deformation time is plotted in Fig. 8(a) . The deformed conditions are summarized 
30) dislocation creep
Ã : is the grain boundary width ( was taken to be 2b in the present analysis). Fig. 7 The relationship between flow stress and strain rate for slip accommodated grain boundary sliding process (n ¼ 2), glide-controlled dislocation creep (n ¼ 3), and climb controlled dislocation creep (n ¼ 5 or 7) at a temperature of 523 K. The predicted deformation behavior for materials with d ¼ 2 and 30 mm are indicated by hatching curves. The predicted strain rate ranges for the boss forming are also indicated by shaded areas.
in Table 3 . [37] [38] [39] [47] [48] [49] [50] For reference, grain sizes after static annealing in AZ31 are also summarized in Fig. 8(b) . 47, 51) It is obvious from Fig. 8(a) that either grain coarsening or grain refinement is occurring during deformation. It appears that the change in grain size is dependent on the initial grain size and deformation temperature. The dynamic grain growth tends to occur in materials with fine grain sizes of <10 mm when deformed at relatively high temperatures of 623 $ 673 K. The coarsening of grains in deformed material was higher than that in statically annealed material probably because of the strain-enhanced grain growth.
The deformation conditions (strain rate and temperature) may be expressed by Zener-Hollomon parameter, Z ¼ _ " " expðQ=RTÞ. The variation in initial grain size as a function of the Z is shown in Fig. 9 , paying attention to the microstructural change during deformation. [37] [38] [39] [47] [48] [49] [50] 52, 53) The activation energy was taken to be that for lattice diffusion of magnesium (135 kJ/mol). 36) In Fig. 9 , the circular symbols indicate the occurrence of grain refinement and symbols of diamond show grain growth. The deformation conditions used in the present boss forming investigation are also included in Fig. 9 . Inspection of the data in Fig. 9 reveals that the behaviors are divided into two regions by a single straight line. For example, when the deformation proceeds at Z ¼ 10 9 s À1 , grain refinement will occur in the case of the initial grain sizes, d 0 ! 10 mm, whereas grain coarsening will occur in the case of the initial grain sizes, d 0 < 10 mm. The critical grain size, d crit , above which grain refinement would occur during deformation, can be given by the following empirical equation:
using the unit of mm for grain size and s À1 for Z. High formability by superplastic flow, which is concomitant with grain growth, will be attained below this critical grain size.
This relation may be applicable between Z ¼ 10 5 s À1 and 10 13 s À1 . In fact the deformation condition for ECAEprocessed bar is located in the grain growth region, whereas that for commercial bar is in the grain refinement region.
By utilizing eq. (3), it is possible to consider the optimal initial grain size for the required process condition such as formed shape, processing speed, and temperature. Table 3 Deformation conditions for materials in Fig. 8(a 
Summary
Plastic formability of AZ31 alloy was investigated at a temperature of 523 K by boss forming tests. The dies were designed based on the requirements for the production of components for mobile electric appliances. In particular, effect of initial grain size was examined. Fine-grained material with an initial grain size of 2.0 mm was prepared by ECAE, and commercially available extruded bar with an initial grain size of 30 mm was used as relatively coarsegrained material.
(1) Boss forming tests using fine-grained material revealed that a boss with a height of 10 mm can be successfully formed within 10 s with even relatively low nominal forming pressure. The forming was suggested to occur under the superplastic condition. The grain size in the boss region was slightly coarsened, probably as a result of strain-induced grain growth. (2) Boss forming tests using relatively coarse-grained material revealed that the boss formability was relatively high. The grain size in the boss region was refined by dynamic recrystallization. (3) Plastic forming concomitant with grain growth could produce the boss at rate approximately 3.5 times faster than that concomitant with grain refinement at a given nominal forming pressure. (4) An empirical equation to predict the domains of grain growth and grain refinement, respectively, during deformation was proposed with a view toward optimizing the hot workability of AZ31 alloy.
